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Abstract 
Density functional theory (DFT) calculations are used to propose a Au-Cu binary 
metal catalyst for the electrochemical borohydride oxidation reaction (BOR), which is 
evaluated experimentally and observed to show enhanced oxidation activity relative to a 
pure Au electrode. Our previous work has applied DFT methods to determine the BOR 
mechanism and elucidate the key reaction steps that dictate catalyst activity and 
selectivity to complete oxidation.  A balanced initial adsorption strength of the 
borohydride anion is essential for an active and selective catalyst.  Adsorption must be 
strong enough to provide a reasonable coverage of surface species and promote B-H bond 
dissociation but not so strong as to promote easy dissociation and provide a high 
coverage of surface H atoms that result in H2 evolution. Borohydride adsorption 
energetics were evaluated for a series of close-packed pure metal surfaces. Copper 
catalysts appear encouraging, but are not electrochemically stable under reaction 
conditions.  Gold-copper alloys are predicted to show increased activity compared to a 
pure gold electrode, while maintaining the selectivity to direct oxidation and increasing 
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the stability compared to pure Cu.  DFT results suggest an approximately 0.2 V decrease 
in the overpotential for borohydride oxidation on a Au2Cu1(111) electrode compared to a 
Au(111) electrode.  This DFT predicted reduction in overpotential is realized 
experimentally.  Electrodeposition was used to prepare AuCu electrodes and their 
borohydride oxidation electrokinetics were examined by linear sweep voltammetry. An 
88.5% gold and 11.5% copper sample demonstrated an overpotential reduction of 0.17 V 
compared to a pure Au electrode. The binding energy and adsorption free energy of BH4
-
 
over other surface alloys is also examined to further identify promising BOR electrodes.  
 
1. Introduction 
Direct borohydride fuel cells (DBFC’s) utilize a high energy density, aqueous 
borohydride solution to directly convert chemical energy to electrical energy. There are a 
number of advantages and disadvantages regarding use of these fuel cells as an 
alternative energy conversion device. The aqueous fuel used in DBFC’s does not have the 
storage and handling concerns associated with hydrogen fuel cells and the final product is 
an environmentally benign product that may be recycled. In addition to the energy 
intensity of borohydride synthesis, the main challenge in developing DBFC’s is the low 
efficiency of electrocatalysts used for the borohydride oxidation reaction (BOR). 
Previously tested materials, mainly noble metals, either suffer from low activity or low 
selectivity for the oxidation reaction, which limits the fuel cell efficiency to 
approximately 30%. 
Multiple materials have been tested experimentally as anode electrocatalysts for 
DBFC’s. Gold1-5 and silver3, 6 are more selective catalysts, which could produce up to 8 
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electrons per borohydride molecule, however, the low activity of these catalysts limit the 
fuel cell efficiency and high overpotentials are required to draw sizable currents from 
these catalysts. Platinum,
1, 7-8
 nickel,
7-9
 and palladium
7
 are more active for borohydride 
oxidation reactions, however an extreme activity of these catalysts for breaking B-H 
bonds leads to large amounts of hydrogen gas production and less than 8 e
-
 collected per 
borohydride molecule converted.  This lack of selectivity also limits the overall 
efficiency of the fuel cell.  
We have previously applied density functional theory (DFT) methods to evaluate 
the borohydride oxidation mechanism over the Au(111)
10-11
 and Pt(111) surfaces,
12
 as 
well as Pd-Ir alloys.
13
  Our mechanistic studies
10-11
 of the BOR over the Au(111) surface 
concluded that the unfavorable borohydride adsorption and low activity for breaking B-H 
bonds causes low activity and large overpotentials. Alternatively, very exothermic, 
dissociative adsorption of BH4
-
 ions over the platinum surface produces a large surface 
coverage of hydrogen. Recombination of the surface hydrogen as hydrogen molecules, 
competes with the surface hydrogen oxidation which causes the unselective production of 
hydrogen gas over this surface.  
There are a few experimental attempts to use alloy catalysts for direct borohydride 
anodes. In most cases a combination of more selective catalysts like gold and more active 
catalysts like platinum or palladium is used.
13-17
 Non-noble metals such as Ni have also 
been considered for bimetallic alloys with Au. Ni would reduce the cost of the catalyst 
and keep or even improve the catalytic activity towards the borohydride oxidation.
18
 A 
Pt-Dy alloy electrode was also tested for the BOR reaction.
19
 Pt-Dy alloys show 
comparable current density to pure platinum at room temperature, however, they have a 
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higher coulombic efficiency than platinum at elevated temperatures.  Chatenet et al. 
reviewed and compared the activity (power density and current density) of different 
alloys (AuPt, PtRu, NiPt, AgNi, AuNi, NiPd) to pure gold and platinum electrodes.
20
 All 
these alloys are more active than gold electrodes, however, they also produce higher 
amount of hydrogen. Carbon supported palladium and copper nanoparticles were also 
considered for BOR and show better performance than pure palladium nanoparticles.
21
 
DFT studies were also performed on Pd-Ir alloys for BOR,
13
 suggesting that the presence 
of Ir favored borohydride oxidation rather than the hydrogen evolution and increased the 
number of electrons released from the BOR when the concentration of Ir was increased. 
Gold nanoparticles combined with amorphous Co-B (Au@Co-B) have been also 
considered for borohydride oxidation and the activity has been reported to be higher than 
pure gold electrodes.
22
 These studies have concluded that alloy electrodes may increase 
the power density and improve the performance of the cell, increasing the current density 
and decreasing the overpotential, though the majority of these are not as selective to 
direct oxidation as pure Au electrodes. 
Au alloyed with 3d metals have been shown to promote borohydride oxidation 
and retain selectivity to direct oxidation.  He et al. carried out cyclic voltammetry, 
chronopotentiometry and chronoamperometry with different alloys composed by Au and 
3d transition metals (M = Fe, Co, Ni, Cu and Zn).
23
 Besides being a less expensive 
catalyst for borohydride oxidation, Au-M/C alloys have a higher specific activity for 
borohydride oxidation than pure Au, leading to a higher open circuit potential in the 
DBFC and more rapid borohydride oxidation. The authors assured that Au-Zn, Au-Fe and 
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Au-Cu showed no activity towards borohydride hydrolysis, minimizing one of the main 
problems of the DBFC. 
 Density functional theory (DFT) calculations can be used to predict the relative 
performance of various metal alloys for the BOR. As we have identified the adsorption 
free energy of BH4
-
 ions to the electrode surface as a key indicator of electrocatalyst 
activity and selectivity, its evaluation with DFT can be used to predict catalyst 
performance. Weak molecular bonding of BH4* (where “*” denotes a surface species) 
will lead to a more selective catalyst, however, the activity of such catalysts for breaking 
B-H bonds will limit the activity. Strong dissociative adsorption indicates a more active 
catalyst, however, facile B-H dissociation will lead to a non-selective catalyst producing 
H2 gas as well as oxidation products. Moderate molecular adsorption of BH4
- 
ions to the 
catalyst surface will produce the best efficiency for the BOR, balancing the activity of the 
catalyst while maintaining selectivity to complete oxidation. 
In addition to our initial study of Au-Cu alloys for BOR, the Kasai group has 
applied DFT to examine Au-based bimetallic electrocatalysts.
24-25
  Arevalo et al.
25
 used 
first principles calculations based on spin-polarized DFT to study the adsorption of 
borohydride ions on Au and Au3M (111) (M = Cr, Mn, Fe, Co and Ni). They obtained 
more favorable adsorption configurations and larger adsorption stability on the alloys 
than on pure Au. For all the alloys considered, the adsorption energy increased between 
0.33 and 0.58 eV compared to that on pure Au. In the case of pure Au, when the sp state 
of borohydride hybridizes with the d band, both bonding and antibonding states are fully 
occupied. The occupied states near the Fermi level contribute to a repulsive interaction 
due to antibonding characteristics. In the case of the alloys, the derived sp-d state is 
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upshifted and becomes unoccupied unlike on pure Au. That explains the increase in the 
adsorption energy of borohydride on Au3M surfaces compared to pure Au. 
Herein, we apply DFT to examine a series of alloy surfaces, and present a more 
complete elementary borohydride oxidation path for a Au-Cu alloy that shows strong 
promise for increased activity while maintaining selectivity against hydrolysis.  Similar to 
our previous mechanistic studies over the Au(111) and Pt(111) surfaces,
10, 12
 we use a 
vacuum-slab DFT model to evaluate the initial electrochemical adsorption of BH4
-
 ions to 
a series of late transition metal surfaces. Metal alloys with potentially improved BOR 
performance are chosen based on a rationale developed from the pure metal behavior.  
The selected alloys are investigated for their initial BH4
-
 adsorption strength, and the 
complete oxidation energetics are evaluated for the especially promising Au-Cu catalyst. 
Experimental studies (electrodeposition, characterization, and voltammetry) realize the 
predicted enhanced activity of the Au-Cu catalyst.   
 
2. Research methods 
2.1. Computational methods 
All calculations were performed using the ab initio total-energy and molecular-
dynamics Vienna ab initio simulation program (VASP) developed at the Institute for 
Material Physics at the University of Vienna.
26-28
 Interactions of ions and electrons were 
described by using projected augmented wave method.
29
 Exchange and correlation 
energies were calculated using the Perdew-Wang form of generalized gradient 
approximation.
30
 In all calculations, plane-wave basis sets were used with a cut off 
energy of 400 eV. A 3×3×1 Monkhorst-Pack grid
31
 was used for sampling the Brillouin 
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zone during optimization of structures, followed by a 4×4×1 single point calculation to 
give the total energy. A 5×5×1 Monkhorst-Pack grid
31
 was used for sampling the 
Brillouin zone to search for the saddle points using the climbing image nudged elastic 
band method.  To determine the zero point vibrational (ZPVE) corrections to the total 
energy of adsorbates, the harmonic vibrational modes were calculated.  
Pure metal surfaces and the Au2Cu1 bimetallic were modeled using a 4 layer slab 
and a 3×3 surface cell. An experimental value of 3.94 Å was used as the lattice parameter 
of the Au2Cu1 fcc bimetallic structure.
32
 Two bottom layers were constrained and the two 
top layers of the metal slabs were allowed to relax. 13 Å of vacuum was inserted between 
the periodic slabs. Adsorption of BH4 species and borohydride oxidation intermediates 
were examined over the high symmetry atop, bridge, fcc and hcp sites. The energy of the 
adsorbed species were corrected for spurious slab-to-slab dipole interactions along the 
surface normal direction (VASP keywords LDIPOL=TRUE, IDIPOL=3).  
Adsorption energies and the elementary surface reactions energetics were 
calculated using the lowest energy adsorbed states. Calculation of the adsorption energies 
and the elementary surface reaction energetics has been detailed in our previous 
publications.
10, 12
  
 
2.2 Experimental methods 
Electrodeposition experiments and linear sweep voltammetry (LSV) experiments 
were carried out using a computer controlled potentiostat (PARSTAT 2273, Princeton 
Applied Research). An aqueous solution of 1mM HAuCl4, 2-5 mM CuSO4 and 0.05 M 
H2SO4 was used for deposition of a Au-Cu alloy over a 5 mm platinum disk electrode at 
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constant potential (-0.045 V Ag/AgCl) for 1600 seconds. Prior to the deposition of the 
Au-Cu alloy, the platinum electrode was polished to a mirror finish using 1 μm and 0.05 
μm alumina paste. The Pt electrode was chosen over a BOR-inert glassy carbon electrode 
because it offered more predictable electrodeposition kinetics and better adhesion of the 
deposited Au-Cu layer. Scanning electron microscopy (SEM, supplementary information) 
confirmed that the deposited thick layer did not leave any Pt exposed, and voltammetry 
studies showed no indication of borohydride oxidation or hydrogen evolution around -0.8 
V(NHE) expected for a Pt electrode. Deposition and borohydride oxidation voltammetry 
experiments were performed in a standard three-electrode cell.  An Ag/AgCl (4 M KCl) 
reference electrode was used in all experiments, and all reported potentials are shifted to 
reference a normal hydrogen electrode. All potentials given in the text are relative to a 
normal hydrogen electrode unless otherwise noted. A platinum wire was used as the 
counter electrode in deposition experiments. Alternatively, for linear sweep voltammetry 
(LSV) tests a graphite rod was used as a counter electrode. For LSV experiments, 0.03 M 
NaBH4 and 2 M NaOH were used.   
2-dimentional wide angle x-ray diffraction (2D-WAXD) was carried out using a 
Rigaku RAPID II x-ray generator diffractometer (Tokyo, Japan) with Ni-filtered Cu Kα 
radiation (λ = 1.54059Å) and a tube voltage and current of 50 KV and 40 mA.  The 
incidence angle was rocked between 30° and 50° at a frequency of 1 s
-1
 for 1 hour and the 
resulting 2D WAXD patterns were integrated.  
 
 
 
 
 9 
3. Results and discussion 
A more effective electrocatalyst is designed for the borohydride oxidation guided 
by first-principles DFT calculations, and the recommended Au-Cu binary metal catalyst 
is tested experimentally to confirm the improved activity. The initial adsorption strength 
of the BH4
- 
species is examined as a design parameter in section 3.1. As the Au2Cu1(111) 
surface is encouraging based on this initial analysis, the complete oxidation mechanism is 
examined over this surface in section 3.2.  The optimal binding configuration and energy 
of the surface reaction intermediates are reported in section 3.2.1. Elementary surface 
reaction energetics are presented and discussed in section 3.2.2. Experimental 
characterization and voltammetry realizing the predicted improvement in electrocatalytic 
activity for the Au-Cu catalyst are presented in section 3.3.  In section 3.4, DFT methods 
are used to generate other potentially active and selective bimetallic surfaces. 
  
3.1. Adsorption of BH4
-
 ions over close-packed, late transition metal surfaces  
The adsorption of the BH4
-
 anion is taken to occur with electron transfer through 
the reaction: 
BH4
-
(aq) + H2O*  BH4* + H2O(aq) + e
-
   (1) 
Adsorption of the borohydride ion is taken to displace a surface water molecule, which is 
returned to the aqueous phase upon desorption. As the adsorption reaction releases an 
electron, the adsorption free energy is dependent on the electrode potential.  We calculate 
the adsorption free energy as a function of electrode potential as the difference in free 
energy between reactants and products in equation 1: 

aqaq BH
OHOHBHads GGeUGGUG
,4224
**)(                        (2) 
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where a “*” denotes a surface species, U denotes the electrode potential on an absolute 
scale, and e
-
 is the absolute value of an elementary charge.  We have previously detailed 
the methods used to approximate the solution phase chemical potential of the BH4
-
 ion 
and an H2O molecule and to shift the absolute potential to the NHE scale.
10, 12
  
Table 1 presents the adsorption free energy at -0.5 V and adsorbed state 
(molecular or dissociative) for BH4
-
 adsorption over the 111 (fcc) and 0001(hcp) surfaces 
of late transition metals. The choice of potential at which to compare adsorption energies 
among metals is arbitrary, as they scale equivalently with potential. We chose -0.5 V for 
comparison because at this potential, adsorption to Au is clearly too endergonic whereas 
adsorption to Pt is too exergonic.  A surface offering an adsorption free energy near zero 
at this potential would offer a significant reduction in overpotential compared to Au(111) 
while potentially remaining selective against hydrolysis. 
Similar to adsorption to the Pt(111) surface,
33
 adsorption of the BH4
-
 ion to Group 
VI-VIII metals is dissociative, resulting in adsorbed BH
*
 and 3H
*
 species. Attempts to 
locate a minimum energy configuration with BH4* in a molecular state, including 
constrained optimizations varying the height of the B atom above the surface and 
including explicit water molecules to stabilize the BH4* molecule, were unsuccessful. 
Upon exposure of these metal surfaces to the borohydride solution, the surface will likely 
saturate in BH* species, and hydrogen evolution will compete with oxidation once the 
BH* species are oxidized from the surface. This is in agreement with experimental 
borohydride oxidation tests which indicated lower selectivity and higher hydrolysis rates 
for platinum,
1, 7
 palladium,
7
 and nickel
7
. 
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The borohydride ion adsorbs in a molecular state on the group IB metals 
(Au(111), Ag(111) and Cu(111)). At -0.5 V, adsorption over the Au(111) and Ag(111) 
surfaces is endergonic, however, the adsorption over Cu(111) is exergonic. This suggests 
the Cu electrodes might offer a better balance of greater activity than Au and Ag while 
maintaining higher selectivity against hydrolysis than Ni, Pd, and Pt.   
A pure Cu electrode has been tested experimentally.
7, 34
.  Though it shows activity 
for borohydride oxidation, the Cu electrode oxidizes at potentials near that at which 
borohydride is oxidized.
34-35
 Therefore, pure Cu materials are not stable for use as anode 
electrocatalysts in borohydride fuel cells. Collectively, these results suggest that no pure 
metal electrocatalyst will simultaneously offer the activity, selectivity, and stability 
needed for use as a BOR electrocatalyst. Au-Cu binary metals are known to be more 
stable than pure Cu versus oxidation,
36-38
 and we further consider their borohydride 
oxidation activity in the following section.  
 
 
Table 1. Adsorption free energy (eV) of BH4
-
 ions to (111) or (0001) late transition metal 
surfaces at -0.5 V. “D” indicates dissociative adsorption which will generate “BH+3H” 
on the surface; “M” indicates molecular adsorption.  
 
Co 
-1.25 D 
Ni 
-1.97 D  
 Cu 
-0.44 M 
Ru 
-1.60 D  
 Rh 
-1.48 D 
 Pd  
-2.16 D 
Ag 
0.05 M  
Os 
-1.85 D  
 Ir 
-2.01 D 
Pt 
-1.85 D  
Au 
0.54 M  
 
Figure 1 presents the adsorption configuration of BH4
*
 over the Au2Cu(111) 
surface. The Au2Cu stoichiometry was chosen to preserve the oxidative stability with 
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majority Au, offer the potential for improved activity with a Cu atom included in all 
hollow sites, and provide a convenient ratio for our use of 3x3 unit cells. The adsorption 
free energy of BH4
-
 is 0.32 eV at -0.5 V. This  adsorption energy is 0.22 eV less 
endergonic than the adsorption on the pure gold surface, or stated otherwise, the free 
energy of adsorption will become favorable (negative) 0.22 V lower over the Au2Cu(111) 
surface than over the Au(111) surface. If the limiting surface reaction energies and 
activation barriers are similarly shifted, a 0.22 V shift in the overpotential of the BOR 
would be expected.  Considering the total 1.64 V theoretical cell potential of the DBFC, 
this 0.22 V potential shift could possibly lead to a 13% improvement in the overall fuel 
cell efficiency relative to Au anodes. With the initial adsorption free energy encouraging, 
we examined the surface reaction energetics of the complete borohydride oxidation over 
the Au2Cu(111) catalyst surface. 
a b
 
Figure 1.  Adsorption configuration of BH4
* 
over the Au2Cu(111) surface a) top view b) 
side view 
 
3.2. Complete borohydride oxidation mechanism over the Au2Cu(111) intermetallic 
surface 
3.2.1 Preferred binding site of all intermediates over the Au2Cu(111) surface 
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We consider optimal binding configurations and binding energies (BE) of all 
possible intermediates
10
 of BOR over the Au2Cu(111) surface. Adsorption was 
considered over the high symmetry atop, bridge, fcc and hcp sites. Binding energy is 
calculated as the energy difference of the bound state and the total energy of the surface 
and gas phase species, with ZPVE and vibrational entropy corrections at 298 K included. 
Though the binding energy is relative to gas phase species, it is useful in identifying 
strongly or weakly bound species.  Table 2 presents the binding energies at the optimal 
adsorption site and configuration over the Au2Cu(111) surface. The optimal binding 
configurations of intermediates are presented in Figure 2. 
3.2.1.1. BHx species. BH4
*
 species adsorb over the hcp (above a second layer Cu atom) 
hollow site with three H atoms pointing toward the surface making three B-H-M three 
centered, two electron hybrid bonds (BE=-2.08 eV). Similar to adsorption over the 
Au(111) surface, the preference for an hcp hollow site over a fcc site is minimal (-0.06 
eV). The BH4 BE to the Au2Cu(111) surface is 0.35 eV stronger than over the Au(111) 
surface.  This leads to the 0.22 eV difference in adsorption free energy calculated with 
Equation 2, with the increased strength in water binding to the Au-Cu intermetallic 
explaining the 0.13 eV difference.  
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Table 2. Binding energies (BE in eV) of BOR intermediates over the Au2Cu(111) 
surface. Binding energies over the Au(111) surface are presented for comparison.
10
 
 
Species Au2Cu(111) BE Au(111) BE 
BH4 -2.08 -1.73 
BH3 -0.88 -0.55 
BH2 -3.13 -2.64 
BH -4.23 -4.40 
B -4.25 -4.43 
BH3OH -1.28 -1.08 
BH2OH -0.07 -0.06 
BH3O -1.06 -0.84 
BH2O -1.31 -0.93 
BHOH -2.36 -2.34 
BHO -0.61 -0.44 
BOH -2.68 -2.76 
BO -2.98 -2.85 
BH(OH)2 -0.04 -0.05 
B(OH)2 -2.21 -2.20 
BHOOH -1.72 -1.30 
BOOH -0.24 -0.23 
BO2 -2.36 -1.95 
B(OH)3 -0.05 -0.30 
H -2.25 -2.12 
OH -2.22 -1.79 
H2O -0.25 -0.11 
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BHOH* BH(OH)2*
BOOH*
BH3*
BOH* BHOOH*
BO2*BHO* B(OH)2*BH*
BO*B* B(OH)3*
BH2*
BH2OH*
BH3OH*  
Figure 2. Optimal binding configuration of borohydride oxidation intermediates over the 
Au2Cu(111) surface, Au=gold, Cu=mauve; H=white, B=pink, O=red.  
 
 
BH3 is a saturated species that binds weaker than BH4 to the surface (BE=-0.88 eV), 
however, the binding is 0.33 eV stronger to the intermetallic than to the Au(111) surface.  
Stronger binding of BH3 may help limit possible desorption of this partial oxidation 
product. BH2 binds to the surface with the B atom interacting with the hollow site and 
one of the H atoms over the surface copper atom (BE=-3.13) and the other H atom is 
oriented away from the surface. The adsorption energy at the optimal binding 
configuration is about 0.49 eV more exothermic than to the Au(111) surface. BH* binds 
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to the fcc hollow site with the H atom pointing out of the surface. Binding of B atoms is 
slightly favored over the fcc hollow site (BE=-4.25 eV) compared to the hcp site. 
3.2.1.2. BHxO species. BHxO species bind stronger to the intermetallic surface than the 
pure-Au surface. The BH3OH* species adsorbs over the fcc site with two H atoms on top 
of Au and one H atom on top of Cu atoms (BE=-1.28 eV).  The OH group points out of 
the surface. BH2OH
*
 is a stable gas phase species and, similar to the adsorption over the 
Au(111) surface, does not have a strong interaction with the surface.  BH2O
*
 binds to the 
surface with the O atom over the Cu atop site and one of the H atoms over the Au atop 
site (BE=-1.31 eV). BOH
*
 binds to the hcp hollow site with the OH group pointing away 
from the surface (BE=-2.68 eV). BHOH
*
 binds to the surface with the B atom over the 
Au atop site (BE=-2.36 eV). The hydrogen atom in the B-H moiety points away from the 
surface and the H atom of the O-H bond points toward the surface. Similar to BH2OH
*
, 
BHO
*
 has a relatively weak adsorption to the surface (BE=-0.22 eV).  The O atom 
interacts with the Cu atop site and the B atom is over the Au atop site. Similar to BOH
*
, 
BO
*
 binds to the surface with the B over the hcp hollow site and O pointing away from 
the surface (BE=-2.98).  
BHxO2 species. BH(OH)2
*
 is a stable gas phase species and, similar to binding to the 
Au(111) surface, does not bind strongly to the Au2Cu(111) surface. B(OH)2
*
 binds 
strongly to the Au atop site with the H atoms pointing toward the nearby Au and Cu atop 
sites (BE=-2.21 eV). BHOOH
*
 binds to the surface with the O atom on the Cu atop site, 
the H atom on the Au atop site and OH group points away from the surface( BE=-1.72 
eV). BOOH
*
 is a stable species that binds weakly to the Au2Cu(111) surface (BE=-0.24 
eV). BO2
*
 binds with one O atom on the Cu atop site, the other O atom on the Au atop 
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site.  The B atom resides over the bridge site (BE=-2.36 eV). BO2* binding to the Au2Cu 
(111) surface is 0.41 eV stronger than to the Au(111) surface. 
 
3.2.2. Elementary oxidation energetics of BH4
*
 oxidation over the Au2Cu1(111) surface  
The DFT energies of surface bound intermediates can be used to construct a 
reaction free energy diagram.  For a general oxidation reaction converting adsorbed 
reactant R* to adsorbed oxidized product O*, the reaction and reaction free energy are 
written as: 
  neOyHOxOHR aqaq 2**      (3) 

aqaq OH
ROHOrxn xGGyGneUGG ** 2                                  (4) 
Equations 3 and 4 may represent either an elementary step or a collection of elementary 
steps, and combined with equation 2 can be used to construct a reaction energy free 
energy diagram with all states referenced to the initial aqueous borohydride ion.  This 
approach was previously applied to construct reaction free energy diagrams for 
borohydride oxidation over the Au(111) and Pt(111) surfaces 
10-11
.  
The reaction energy diagram for borohydride oxidation over Au2Cu(111) is 
illustrated in Figure 3 at an electrode potential of -0.45 V. The initial adsorption free 
energy of the BH4
-
 ion at -0.45 V over the Au2Cu1(111) surface is equivalent to the value 
for the Au(111) surface at -0.23 V.
10
 All the following oxidation reaction energies are 
exergonic and, therefore, favorable at this potential. Considering only the species along 
the minimum energy oxidation path, on average each species is 0.13 eV more stable on 
the Au2Cu(111) surface than on the Au(111) surface.    
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Figure 3. Reaction energy diagram for borohydride oxidation over the Au2Cu1(111) 
surface at -0.45 V. Each step to the right indicates a 1e
-
 oxidation step with the exception 
of the final product desorption step.  Hydroxide ion reactants and water molecule 
products are left off the diagram for clarity.  Dashed lines represent plausible elementary 
reactions. Conditions for free energy calculations:  [BH4
-
]=0.03 M, [OH
-
]=2 M, T=298 K 
 
3.3. Activation barriers for dehydrogenation of BH4
* 
The activation barriers for elementary surface reactions are not included in Figure 
3. The activation energy corresponding to the first step of the mechanism of borohydride 
oxidation, the dehydrogenation of BH4
*
 to BH3
*
 (reaction 5) over Au2Cu1(111), is 
presented in this section: 
 *** 34 HBHBH       (5) 
Figure 4 illustrates the most favorable adsorption configuration of reactant (a), 
intermediate of reaction (b) and products (c). The activation barrier for the lowest energy 
path of this reaction is 0.49 eV, which is 0.12 eV higher than that obtained on Au(111) 
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[1]. The transition state was confirmed to have a single imaginary harmonic oscillator 
frequency of -262.7 cm
-1
. 
 
 
 
Figure 4. (a) Initial state, (b) transition state and (c) final state of the dehydrogenation of 
BH4
*
 to BH3
*
 over Au2Cu1 (111) surface. 
 
 
A higher barrier of the first reaction step on Au2Cu(111) is a result of more stable 
initial state and shorter reaction coordinate for this reaction compared to the Au(111) 
surface. Though the activation barrier referenced to the initial state is higher over the 
Au2Cu(111) surface than the Au(1111) surface, the barrier is lower by 0.10 eV on the 
bimetallic compared to the pure Au surface when the transition state is referenced to the 
non-bound BH4
-
 state.  As the initial BH4
-
 adsorption is uphill in free energy at potentials 
of interest, the barrier relative to the non-bound state is kinetically relevant (ie, BH4* 
coverage is low), and the intermetallic surface will offer more rapid initial activation of 
borohyride than the pure Au(111) surface.   
 
3.4. Activation barriers for dehydrogenation of BH3
* 
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The adsorption energy corresponding to the second step of the mechanism of 
borohydride oxidation, the dehydrogenation of BH3
*
 to BH2
*
 (reaction 6) over 
Au2Cu1(111), is discussed in this section: 
 *** 23 HBHBH       (6) 
BH3
* 
has been
 
identified as a stable reaction intermediate for the BOR reaction.
11
 
Figure 5 illustrates the most favorable adsorption configuration of reactant (a), 
intermediate of reaction (b) and products (c). The activation barrier for this reaction was 
0.42 eV, which is 0.39 eV lower than that obtained on Au(111) [1]. The transition state 
was confirmed to have a single imaginary harmonic oscillator frequency of -541 cm
-1
. 
 
 
 
Figure 5. (a) Initial state, (b) transition state and (c) final state of the dehydrogenation of 
BH3
*
 to BH2
*
 over Au2Cu1 (111) surface. 
 
 
3.5. Activation barriers for dehydrogenation of BH2OH
* 
BH2OH
*
 species are have been identified as the most stable reaction intermediate 
for borohydride oxidation over the Au(111) surface.
11
 The activation energy 
corresponding to BH2OH
* 
dehydrogenation (reaction 7) over Au2Cu1(111), is discussed 
in this section: 
 ***2 HBHOHOHBH       (7) 
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Figure 6 illustrates the most favorable adsorption configuration of reactant (a), 
intermediate of reaction (b) and products (c). The activation barrier for this reaction was 
0.39 eV, which is 0.67 eV lower than that obtained on Au(111) [1]. The transition state 
was confirmed to have a single imaginary harmonic oscillator frequency of -359 cm
-1
. 
 
 
 
Figure 6. (a) Initial state, (b) transition state and (c) final state of the dehydrogenation of 
BH2OH
*
 to BHOH
*
 over Au2Cu1 (111) surface. 
 
3.6. Potential dependence of activation barriers 
 
The dehydrogenation barriers presented in the previous sections can be converted 
to potential dependent, electrochemical barriers using the method we have previously 
developed .
11, 39
 For example, the barrier for the electrochemical reaction, 
  eOHBHOHBH aqaq 234 **                                        (8) 
is approximated using equation 9: 
)()( 0
0 UUEaUEa                                                           (9) 
where Ea
0
 is the activation barrier of the chemical step, β is the symmetry factor and U0 
is the equilibrium potential for surface hydrogen oxidation. 
 For the Au(111) surface, we previously determined U0 and a  value that allowed a 
DFT-based microkinetic model to match experimental kinetics,
11
 such that 
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)19.1(44.0)( 0  UEaVEa                                                   (10) 
The calculated value for U0 on Au2Cu1(111) surface is -1.03 V(NHE). Therefore, the 
activation barriers for electro-oxidation reactions over the Au2Cu1(111) surface is 
)03.1(44.0)( 0  UEaVEa                                                      (11) 
where we presume an equivalent symmetry factor on the intermetallic surface. Initial 
electrocatalytic conversion of BH4* (reaction 8) has a barrier, referenced to the solution 
phase BH4
-
 ion, of 0.61 eV over the Au(111) surface at -0.5 V(NHE). The equivalent 
barrier on the Au2Cu1(111) surface is 0.58 eV at -0.5 V(NHE), suggesting faster 
borohydride activation on the intermetallic.  Similarly, the barrier for the electrochemical 
oxidation of BH3 on Au2Cu(111) at -0.5 V(NHE) is 0.19 eV, 0.32 eV lower than on the 
Au(111) surface.  For BH2OH oxidation, the Au2Cu(111) barrier of 0.16 eV at -0.5 
V(NHE) is 0.6 eV less than the barrier on Au(111). The intermetallic is clearly 
significantly more active for the rate limiting B-H bond activation steps than the Au(111), 
suggesting it will produce more rapid borohydride oxidation kinetics.    
  
3.7. Experimental evaluation of Au-Cu alloys for borohydride electrooxidation  
 To realize the DFT predicted improved BOR performance of AuCu binary metal 
catalysts compared to a pure Au catalyst, we synthesized, characterized, and tested AuCu 
electrodes.  Electrodeposition was used to prepare a AuCu film for electrokinetic testing.  
Prior to electrokinetic testing, X-ray diffraction (XRD) and energy dispersive x-ray 
spectroscopy (EDS) were used to characterize the film. 
 
3.7.1. Deposited Au-Cu sample characterization with XRD and EDS 
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Figure 7 shows the X-ray diffraction results for a Au-Cu sample electrodeposited 
from a 1mM HAuCl4 and 2mM CuSO4 solution. Two peaks are identified in the X-ray 
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Figure 7.  X-ray diffraction results for Au-Cu sample deposited from a solution of 1 mM 
HAuCl4 and 2 mM CuSO4. 
 
pattern. The large peak indexes to the Pt(111) peak of the substrate electrode. A second 
peak identified at a 2θ of 38.592 corresponds to the electrodeposited AuCu(111) with a 
spacing of d=2.33 Å using Bragg’s law.  The assignment of this peak to the AuCu film 
was confirmed by varying the concentration of Cu precursor for electrodeposition such 
 24 
that a 100% Au (Figure 8) and a 90% Cu sample (not shown) were also prepared.  The 
minor (111) peak was repeatable across multiple deposition experiments following the 
same protocol and does  
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Figure 8. X-ray diffraction results for pure Au sample deposited from a solution of 3 mM 
HAuCl4 
 
 
not exist on the pure platinum diffraction pattern. This minor peak corresponds to a Au-
Cu(111) surface with a lattice constant of 4.036 Å. Based on the lattice constant the  
deposited film is 11.5% Cu and 88.5% Au, as calibrated by a continuous curve derived 
from empirical potentials that fits well to experimentally measured lattice constants.
32
  
 25 
A sample of Au-Cu deposited alloy from a solution of 1mM HAuCl4 and 5mM 
CuSO4 was confirmed by X-ray diffraction to have more than 60% copper which is not 
appropriate for DBFC application due to facile Cu oxidation. Though deposition of a 
33% Cu sample was desired, the composition of a sample deposited from a solution of 
1mM HAuCl4 and 3 mM CuSO4 was not possible to identify with XRD due to the 
integration of the Au-Cu peak into the Pt(111) peak. 
 EDS was further used to confirm the presence and relative magnitudes of Au and 
Cu in the deposited films.  Though quantitative analysis of the compositions was not 
attempted, EDS demonstrated that relative copper to gold peak areas increase with 
increasing copper precursor concentration in the deposition solution and is consistent 
with compositions determined by XRD experiments.  
 
3.7.2. Linear sweep voltammetry of borohydride oxidation of the Au-Cu binary metal 
Figure 9 shows the linear sweep voltammogram of pure copper deposited over the 
platinum substrate in a 2 M NaOH solution, without NaBH4 added. Only a small 
oxidation peak is observed at -0.26 V(NHE), corresponding to the oxidation of the copper 
surface. Alternatively, the large oxidation peak at approximately 0 V likely corresponds 
to the bulk oxidation and dissolution of the copper surface.
40
  Figure 10 presents the 
experimental linear sweep voltammetry results for the Au88.5Cu11.5 binary metal 
compared to a pure Au electrode. The borohydride oxidation peak for the Au electrode is 
at -0.16 V, whereas for the Au88.5Cu11.5 surface two oxidation peaks are observed.  The 
first oxidation peak at -0.33 V(NHE) (Figure 10) for the Au88.5Cu11.5 electrode cannot be 
assigned to copper oxidation, and is instead assigned to the borohydride oxidation peak 
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over the Au88.5Cu11.5 electrode. The second oxidation peak for the binary metal sample, at 
-0.01 V(NHE), likely represents a mixed effect of borohydride oxidation and copper 
oxidation over the electrode surface. The Au88.5Cu11.5 electrode decreases the borohydride 
oxidation overpotential by 0.17 V.  The same value of 0.17 V is measured peak to peak 
and at a current of 2 mA, suggested the difference does not arise from mass transfer 
differences between the two electrodes.  The 0.17 V shift would correspond to a 10 % 
increase in the overall 
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Figure 9. Linear sweep voltammogram of deposited pure copper in 2 M NaOH solution. 
Scan Rate= 25 mVs
-1
, Electrode diameter= 5 mm, T = 298 K. 
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Figure 10. Borohydride oxidation over the Au88.5Cu11.5 surface (dashed red) compared to 
the pure gold electrode (solid blue). Electrode diameter in both cases 5 mm, scan rate =25 
mVs
-1
, [BH4
-
]=0.03 M, [OH
-
]=2 M, T= 298 K 
 
fuel cell efficiency, and is similar to the predicted shift based on DFT calculations for the 
Au2Cu1(111) surface.   However, the binary metal electrodes are not as oxidatively stable 
as a pure gold electrode, and their use would be limited to potentials lower than -0.2 V to 
avoid catalyst oxidation in the high pH condition.  
These results agree with that reported by Yi et al.,
41
 who deposited Au-Cu 
nanoparticles at different proportions (Au/C, Au75Cu25/C, Au67Cu33/C, Au50Cu50/C) on 
Carbon Vulcan and carried out cyclic voltammetry, chronopotentiometry and 
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chronoamperometry for borohydride oxidation. The authors conclude that the optimum 
proportion of Au and Cu for borohydride oxidation was Au67Cu33, obtaining a current 
density 46% larger than using pure Au/C. An overpotential of -0.70 V was measured 
when Au67Cu33/C was used compared to -0.57 V on Au/C, improving the performance of 
the DBFC from 19.9 mW cm
-2
 using Au/C as the anode material to 51 mW cm
-2
 using 
Au67Cu33. 
 
3.8. Computational screening of borohydride adsorption over other surface alloys 
The AuCu binary metal BOR catalyst was arrived at based on a rationale of 
adding Cu to Au improve activity while providing more oxidative stability than pure Cu.  
Similarly, we might expect binary compositions of group VIII and IB metals to balance 
the BH4 affinity and B-H dissociation activity for a balance between activity and 
selectivity to direct oxidation.  To explore the potential of other binary metal surfaces for 
improving the performance of BOR anodes, the borohydride ion adsorption free energy 
was evaluated. Strong dissociative adsorption is indicative of a very active catalyst, 
which is expected to produce to large amount of hydrogen and less than 8 e
-
 per BH4
-
 ion 
converted. Metal/alloy surfaces with mild molecular adsorption at potentials between -0.5 
to -0.7 V could offer more activity while maintaining selectivity for the BOR. Table 3 
presents the binding energy and adsorption free energy at -0.5 V(NHE) of the BH4
-
 ion 
over a series of VIII-IIB binary metal surfaces. Binary metals reported in Table 3 are 
surface alloys only and are not bulk intermetallic alloys. Using the Ag2Ni surface alloy as 
an example, a 4 layer slab is used in calculations. The first 3 layers are all Ag atoms, 
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whereas the surface layer consists of 6 Ag atoms and 3 Ni atoms evenly distributed in the 
3x3 cell.  
 
Table 3. BH4 binding energies and BH4
-
 ion adsorption free energies at -0.5 V over 
Group VIII-IB binary metal (111) and (0001) surfaces (eV). The adsorption free energies 
to the pure Au and the Au2Cu1 intermetallic are reported for reference. 
0.320.540.410.20.130.30.06-0.06-0.2-0.24-0.17-0.39
Adsorption 
energy (eV)
-2.08-1.73-2.35-2.34-2.22-2.13-2.66-2.7-2.64-2.58-2.55-2.88
Binding 
energy (eV)
Au2CuAuAu2RuAu2RhAu2PtAu2PdAu2NiAg2RuAg2RhAg2PtAg2PdAg2Ni
Surface 
alloy
 
 
Binding of borohydride species is stronger on all of these surfaces compared to 
the Au(111) surface, suggesting any of the surface alloys could be more active than a 
pure Au electrode.  All of these surfaces allow for binding energies intermediate of the 
less active Au(111) surface and the non-selective Pt(111) surface, indicating a potential 
improvement in both activity and selectivity for the BOR in comparison with the pure 
metal surfaces.  The adsorption to each of these surfaces may be classified as molecular, 
although the B-H bond over the Group VIII metal atom extends upon adsorption. For 
example, for the Au2Pt surface alloy, the lengths of B-H bonds for the H atoms that 
interact with gold atop sites are 1.25 Å, whereas the bond length extends to 1.38 Å for the 
B-H bond with the H over the Pt atop site. This partial B-H bond dissociation may 
indicate a tendency towards non-selective hydrolysis reactions, however, further 
mechanistic study would be needed and examination of the H recombination rate on the 
binary metal surface would merit consideration.   
 
4. Conclusions 
 30 
 
AuCu alloys are proposed as an alternative catalyst for borohydride direct 
oxidation based on DFT calculations and experimental linear sweep voltammetry results. 
Our DFT model predicts less endothermic adsorption of the BH4
-
 ion, stronger binding of 
reaction intermediates to the Au2Cu1(111) surface and, lower overall activation barrier  in 
comparison to the Au(111) surface.  This suggests that AuCu binary electrodes are more 
active than Au electrodes for borohydride anodic oxidation. Alternatively, due to the 
molecular adsorption of the BH4* species over the catalyst binary metal surface, these 
electrodes could be as selective to complete oxidation as gold electrodes. A Au-Cu 
electrode was prepared using electrodeposition techniques and tested by linear sweep 
voltammetry experiments. At high concentrations of copper on the surface, surface 
oxidation prevents borohydride oxidation. At the composition of 11.5% Cu, 88.5% Au, 
the BOR catalyst activity increased, indicated by a 0.17 V decrease in the anodic 
overpotential.  This experimental result realized the predicted overpotential reduction 
from DFT calculation.  This first-principles guided design demonstrates the use of theory 
to guide electrocatalyst design, beginning with mechanism determination and 
determination of key predictor energetics through rational evaluation of binary metal 
compositions and experimental realization of predicted improvements.  A series of binary 
metal compositions were suggested that may offer improved BOR performance based on 
DFT results. 
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